Immobilized pH gradients isoelectric focusing (IPG-IEF) is the first dimension typically used in twodimensional gel electrophoresis (2-DE). It can also be used on its own in conjunction with tandem mass spectrometry (MS/MS) for the analysis of proteins. Here, we described a strategy combining isoelectric focusing in immobilized pH gradient strips, and mass spectrometry to create a new highthroughput and sensitive detection method. Protein mixture is separated by in-gel IEF, then the entire strip is cut into a set of gel sections. Proteins in each gel section are digested with trypsin, and the resulted peptides are subjected to reversed-phase high performance liquid chromatography followed by electrospray-linear ion-trap tandem mass analysis. Using this optimized strategy, we have identified 744 distinct human proteins from an IPG strip loaded only 300 µg of plasma proteins. When compared with other works in published literatures, this study offered a more convenient and sensitive method from gel to mass spectrometry for the separation and identification proteins of complex biological samples.
Introduction
The prefractionation techniques in proteome analysis could offer a strong step forward in "mining below the tip of the iceberg" for detecting the "unseen proteome" and had been a major focus of proteome researchers. 1 Several fractionation strategies were selected including liquid chromatography based on reverse phase or ion exchange, liquid isoelectric focusing and so on. 1, 2 The isoelectric focusing can separate proteins according to their pI values, and has become one of the major fractionation methods. However, most of the current isoelectric focusing fractionation depend on liquid basis. [2] [3] [4] [5] In recent years, a resurgence of interest in immobilized pH gradient gels (IPG strips) has occurred because of its excellent resolution, high loading capacity, and good reproducibility as the first dimensional. [6] [7] [8] Immobilized pH gradient (IPG) gels were originally introduced in the early 1980s as an alternative to carrier ampholyte tube gels. The ability to rehydrate these gels in variety of chaotropes or detergents such as thiourea and CHAPS, respectively, should eliminate many of the problems of protein precipitation in its pI position and ensure the excellent resolution. In addition, positional reproducibility of protein spots in two-dimensional polyacrylamide gel electrophoresis using immobilized pH gradient isoelectric focusing in the first dimension were discussed by Corbett, J, M. 9 In our lab, similar work was done, which indicates that the positional variability in the IEF dimension is 0.73 mm. 10 So immobilized pH gradient isoelectric focusing in the first dimension ensures good reproducibility of protein separation. Finally, these IPG strips can accept higher protein loads (up to 5 mg) than carrier ampholyte gels without a significant loss of resolution. 8 Also, IPG-IEF can be used on their own for the analysis of proteins. 11, 12 Isoelectric focusing in immobilized pH gradient gels followed by mass spectrometry was rarely used in proteome analysis and needs optimization. Giorgianni et al., using isoelectric focusing in an immobilized pH gradient gel followed by mass spectrometry, identified only 127 proteins from 750 µg of human pituitary proteins. 13 Human blood plasma is a complex body fluid and is believed to harbor thousands of proteins which originate from a variety of cells and tissues through either active secretion or leakage from blood cells or tissues. 14 It has an extraordinary dynamic range in that more than 10 orders of magnitude in relative abundance separate albumin and the rarest proteins now measured clinically. 15 Many proteins have been functionally characterized and associated with disease processes. [16] [17] [18] [19] [20] [21] Nowadays, researchers place most of their attention on the human plasma proteome because of the central role plasma plays in clinical diagnostics.
However, the complexity and enormous dynamic range of the liquid makes plasma the most difficult specimen to deal with, and provides major challenges in proteomics. The most commonly used conventional proteomics technology platform consists of two-dimensional electrophoresis (2-DE), mass spectrometry, and bioinformatic analysis. Using this 2-DE based approach, recently Pieper et al. identified 325 distinct proteins from 1800 distinct serum protein spots. 14 These relatively poor results are caused by the following disadvantages: very high abundance of a few proteins, high heterogeneity of many proteins resulting in long charge trains, crowding of 2-DE separated protein spots in the molecular mass range between 45 and 80 kD and in the isoelectric point range between 4.5 and 6. 22 Therefore, other high-throughput proteomic technologies were developed to address these problems and identify less abundant proteins in human plasma on a large scale basis. For example, Anderson et al. merged four different views of the human plasma proteome, based on different methodologies, into a single nonredundant list of 1175 distinct gene products; 23 Shen et al. identified 800 and 1682 proteins from a total of 365 µg of human plasma, using high efficiency nanoscale reversed-phase liquid chromatography and strong cation exchange LC to obtain ultrahigh-efficiency separations in conjunction with tandem mass spectrometry. 24 In this study, we applied isoelectric focusing in immobilized pH gradient gels followed by mass spectrometry to analyze the human plasma proteome. Excellent resolution of IPG-IEF and effective peptide extraction from IPG gel sections ensure the sensitive analysis of plasma proteins. The peptide identification was done by the comparison of MS/MS and predicted spectra under strict criteria (Xcorr score tryptic peptides +1 g1.9, +2 g2.2, +3 g3.75, ∆Cn g0.1, and SP rank e 4) using BioWorks 3.0 software (Thermofinnigan). It is a powerful and convenient method that has resulted in the identification of 744 human plasma proteins of plasma from ∼300 µg (or ∼3 µL) material, without the need for depletion of high-abundant serum albumin or immunoglobulin. This also indicates that the ingel IEF-LC-MS/MS is high-throughput and sensitive enough to analysis complicated samples such as human plasma proteins, over a dynamic range of 10 orders of magnitude in relative abundance. When compared with other works in published literatures, we have provided a more powerful and convenient method for the separation and identification of human plasma proteins or other complicated samples.
Experimental Section
Chemicals and Materials. Unless stated otherwise, all reagents and chemicals were of the highest purity available. Water was purified using a Milli-Q system (Millipore, Bedford, MA). Formic acid was from Sigma-Aldrich (St. Louis, MO). Trypsin (sequencing grade) was obtained from Promega (Madison, WI). 1, 4-dithiotreitol (DTT), Acryamide, Agarose, ammonium bicarbonate, Bis, 3-[(3-cholamidopropyl) imethylamino]-1-propane sulfonate (CHAPS), glycine, iodoacetamide, SDS and Tris were from Bio-Rad (Hercules, CA). Acetonitrile (ACN) and trifluoroacetic acid (TFA) were from Merck (Darmstadt, Germany). Methanol was from Fisher, Fair Lawn (NJ, UK). Trypsin was from Promage (USA). Bromphenol blue, glycerol, and IPG Buffer 3-10 NL were from Amersham Biosciences (Piscataway, NJ).
Human Plasma Preparation. The human blood plasma was obtained from a healthy female donor (ages 27, O type), provided by the Shanghai Blood Station. Initial protein concentration of ∼100 mg/mL of plasma was determined using the Bradford method, after which the plasma sample of 300 µg was directly added to the rehydration buffer (8M Urea, 2%CHAPS, 18mM DTT, 0.5%IPG Buffer, Bromophenol blue trace) followed by isoelectric focusing in immobilized pH gradient strips with the IPGphor system (Amersham Pharmacia Biotech).
Isoelectric Focusing and SDS-PAGE Analysis. 2DE was performed with the IPGphor system (Amersham Pharmacia Biotech) and PROTEAN xi II system (BioRad, Hercules, CA), as previously described. 25, 26 300 µg of plasma proteins were run with IEF method using an 18 cm pH 3-10 NL ReadyStrip (Amersham Pharmacia Biotech). IEF parameters for the separation were 70 µA/strip at 20°C with a rehydration step for 12 h followed 500 V for 1 h, 1000 V for 1 h, and 8000 V for 8 h. The total Vh was about 60 000. SDS-PAGE was run at a constant current of 10 mA/gel for 20 min, the current was then switched to 25 mA/gel until the bromophenol blue frontier reached 0.5 cm of the bottom of the gel. The proteins were detected with silver staining. The gel was scanned using a GS710 imaging densitometer (BioRad) and analyzed by PDQuest software (BioRad).
In Gel Digestion. The in-gel digestion was performed using the following protocol. To reduce disulfide bonds, the IPG strip was performed in 1% DTT in SDS equilibration buffer (50 mM Tris-Cl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, bromophenol blue) for 15 min. This step was followed by alkylation of the free sulhydryl groups by 2.5% iodoacetamide in a SDS equilibration buffer for another 15 min in the dark at room temperature. Then the IPG strip was cut into 18 gel sections (each section about 1.0 cm in length). Each gel section was washed three times alternately with ACN and 100 mM ammonium bicarbonate. During the last wash the gel slices were incubated in 100 mM ammonium bicarbonate for 15 min at temperature 4°C. The gel slices were dried by vacuum centrifugation and allowed to swell in a 50 µL trypsin solution containing trypsin (20 µg/mL) and ammonium bicarbonate (50 mM) at 4°C for 45 min. After adding another 50 µL of trypsin solution, the gel slices was kept at 37°C for 20 h. The supernatant was transferred to another vial, and the gel slices were extracted for 15 min three times by 0.1% formic acid in 60% ACN. The recovered peptide solutions were dried by vacuum centrifugation and desalted and cleaned using a Ziptip (Millipore, Corp., Bedford, MA).
LC-MS/MS Analysis. The peptide mixtures from each section of the IPG strip were separated by Reverse phase HPLC followed by tandem mass analysis. RP-HPLC was performed on a surveyor LC system (Thermo Finnigan, San Jose,CA). The C18 column (RP, 180 µm × 150 mm) was obtained form Column Technology Inc. (Fremeont, CA,). The pump flow was split 1:120 to achieve a column flow rate of 1.5 µL/min. Mobile phase A was 0.1% formic acid in water, and mobile phase B was 0.1% formic acid in acetonitrile. The tryptic peptide mixtures were eluted using a gradient of 2-98% B over 180 min.
The MS/MS was performed on a LTQ linear ion trap mass spectrometer (Thermo Finnigan, San Jose, CA) equipped with an electrospray interface and operated in positive ion mode. The capillary temperature was set to 170°C and the spray voltage was at 3.4 kV. Normalized collision energy was at 35.0%. Automatic gain control was used to obtain maximal signal of each scan. The mass spectrometer was set so that one full MS scan was followed by ten MS/MS scans on the 10 most intense ions. Dynamic Exclusion was set at repeat count 2, repeat duration 30 s, exclusion duration 90 s.
Database Searching. The acquired MS/MS spectra were searched against the IPI human database using BioWorks 3.0 research articles Tu et al.
software (Thermofinnigan) on an 8 node Dell PowerEdge 2650 cluster. An accepted SEQUEST result had a ∆Cn score of at least 0.1 (regardless of charge state), a value known for high confidence in a SEQUEST search. 27, 28 All output results were combined together using homemade software named Build Summary (Manuscript submitted to Proteomics) to delete the redundant data. To make sure that the MS/MS spectrum was of good quality with fragment ions clearly above baseline noise, we referred to the parameters reported in previous studies [29] [30] [31] and applied stricter criteria for peptide identification. Peptides were validated after meeting the following criteria: The SE-QUEST cross-correlation score must be g1.9 for a +1 tryptic peptide, g2.2 for a +2 tryptic peptide and g3.75 for a +3 tryptic peptide. In addition, ∆Cn cutoff values were g0.1 and the SP rank of the peptides e4. With these specific filter criteria, the peptides there showed some continuity to the b or y ion series, so we are fairly confident of peptides identified with these strict filter criteria.
Bioinformatics Analysis. The theoretical isoelectric point (pI) was defined by the pI table and the algorithm used in Compute MW/pI program in Expasy (www.expasy.ch). Molecular weights (MW) values of proteins were computed through average amino acid weight table. The grand average hydrophobicity (GRAVY) values were calculated as the arithmetic mean of the sum of the hydropathic indices of each amino acid. 32 The TMHMM version 2.0 algorithm was used to predict protein transmembrane (TM) regions. 33 The total number of TM helices predicted per sequence was reported for each protein sequence. When a predicted TM region overlapped a predicted signal sequence, this was interpreted as a signal sequence only. The SignalP version 3.0 was used to process a signal peptide/nonsignal peptide prediction based on a combination of several artificial neural networks (NT) and hidden Markov models (HMM) algorithms. [34] [35] [36] 
Results and Discussion
Fractionation of Human Plasma by IPG-IEF. Here we studied isoelectric focusing of the human plasma proteins using IPGphor system with 18 cm pH 3-10 NL ReadyStrip. Conventional 2-DE PAGE by ammonia silver stain 37 detected the effect of IEF as shown in Figure 1 . As expected, the proteins in the mixture migrated to a position in the established pH gradient equivalent to their respective isoelectric point (pI), which behaved in the 2-DE map as an individual spot. The immobilized pH gradient gels (IPGstrips) have demonstrated good reproducibility, high loading capacity, and excellent resolution.
We tested the reproducibility of this in-gel IEF-LC-MS/MS method with the parallel gel sections from two 18 cm pH 3-10 NL ReadyStrips isoelectric focusing as above. We selected the gel sections at the same position in two parallel experiments and identified 169 unique proteins from the two sections. 52(61.54%) distinct proteins were both identified in the two gel sections. To evaluate the reproducibility of in-gel IEF-LC-MS/MS, we tested the reproducibility of LC-MS/MS with tryptic mixture of plasma proteins by using 300 µg of plasma proteins in each time. 367 unique proteins were identified from the two experiments. Only 125(68.12%) unique proteins were both identified from the two experiments. The reproducibility of in-gel IEF-LC-MS/MS was close to the reproducibility of LC-MS/MS and very acceptable. We also discovered that the adjacent gel sections had overlap of identified proteins, which indicated that a lot of plasma proteins had several isoforms with various pI values and the most abundant proteins were not distributed in a single gel sections. In 2-DE map, there are trains of high heterogeneity proteins and horizontal stripes of the abundant proteins (Figure 1) .
Human Plasma Protein Identification. In this study, we used a 2D linear ion trap for the identification of human plasma proteome. The data produced by linear ion trap mass spectrometry was filtered using both Xcorr and ∆Cn for the tryptic digested peptides to achieve a low false-positive rate. 31 Compared with previous work, 13, 38 we applied stricter criteria for peptide identification. Using the accepted reliable criteria for peptide search (Xcorr g1.9 for a +1 full tryptic peptide, g2.2 for a +2 full or partial tryptic peptide, and g3.75 for a +3 full or partial tryptic peptide, ∆Cn g0.1), a total of 2255 unique peptides were identified, corresponding to 1142 distinct human proteins. 201 (17.6%) proteins were identified with 2 or more unique tryptic peptides. To further restrict the number of falsepositives, Shen et al. 24 used neural network (NET) to remove between 10% and 23% of proteins identified by SEQUEST after a two-dimensional separation based on LC-RPLC-MS/MS. Here, we added the criteria SP rank e4 for peptide search and found that 35% proteins were removed as false positives. And the percent of proteins identified with 2 or more unique tryptic peptides was increased to 21.8%. In short, using this strict criteria(Xcorr g1.9 for a +1 full tryptic peptide, g2.2 for a +2 full or partial tryptic peptide and g3.75 for a +3 full or partial tryptic peptide, ∆Cn g 0.1 and SP rank e4), a total of 1779 unique peptides were identified in this work, corresponding to 744 distinct human proteins listed in Supplemental Table 1 in the Supporting Information. And 162 (21.8%) proteins were identified with 2 or more unique tryptic peptides. Compared with another work of our lab, 39 using 2DLC fractionation of proteins, only 147 proteins were both founded in both work. 138 (10.7%) proteins were identified with 2 or more unique tryptic peptides through the same criteria for peptide identification in their work. Both the number and the percent of proteins identified with 2 or more unique tryptic peptides were higher in this study, which made the proteins identified in this study more reliable.
The number of identified proteins from each strip section is shown in Figure 2 . About 93 ( 15 proteins were detected in each section of the IPG strip. Most proteins appeared in multiple sections; this situation is expected because many proteins exist as isoforms with different pI values. A certain degree of diffusion of high-abundant proteins is unavoidable during IEF, which also revealed by the silver staining in Figure  1 .The IPG strip was divided into gel sections of arbitrary size. 15 Data from several gel sections was dominated by highly abundant proteins, such as serum albumin precursor, apolipoprotein B-100 precursor and Serotransferrin precursor. These results were anticipated because these proteins are the most abundant proteins in human plasma. Furthermore, most human plasma proteins have glycosylated chains with microheterogeneous, and have various modifications. Therefore, a lot of plasma proteins have several isoforms with various pI values.
Although the most abundant proteins were dominant in a few gel sections, as shown in Figure 3 . IEF could enrich the low abundant proteins by focusing the proteins to their pI position on the IPG strip. Only ∼300 µg (or ∼3 µL) of plasma was analyzed, 744 distinct human proteins were identified. When compared with other works to analysis plasma proteomics, which commonly used plasma amounts of milligram in order to identify more plasma proteins. 5, 39 In this work, we used only 300 µg of plasma proteins here to obtain 744 proteins identified with such strict criteria, indicating this method is sensitive enough to identify relatively low-level (approximately pg/mL) proteins (e.g., cytokines) coexisting with high-abundance proteins (e.g., mg/mL-level serum albumin). So it can be applied to analyze complex and exiguous sample.
In this study, we found some low-level protein markers such as ovarian cancer related tumor marker CA125, serum amyloid A-4 protein precursor and tetranectin precursor etc. and some tissue leakage products which included many of the most important diagnostic markers. Many of them were identified by a single unique peptide. To confirm the reliability of these proteins, here we showed a couple of MS/MS spectra of two unique peptides which were not identified by another work in our lab. 39 Tetranectin precursor, which is an independent prognostic marker in colorectal cancer, 40 was identified by one unique peptide, R.GGTLSTPQTGSENDALYEYLR.Q (M + 2, Xcorr 4.65, ∆Cn 0.62). Electron-transfer flavoprotein R-subunit,-mitochondrial precursor, defects in which will cause glutaric acidemias type II (GAII), was also identified by one unique peptide, K.DPEAPIFQVADYGIVADLFK.V (M + 2, Xcorr 6.93, ∆Cn 0.71).The MS/MS spectra of these two peptides were shown in Figure 4 . This also elucidated the efficiency of enrichment of low abundant proteins by IPG-IEF, and the ultrahigh sensitivity and resolution of linear ion trap mass spectrometry. The in-gel IEF-LC-MS/MS method is able to analyze the high dynamic range sample, such as human plasma, which has a dynamic range of over 10 orders of magnitude in relative abundance. Furthermore, if a variety of IPG strips with different lengths and pH ranges is used, resolution can be further improved. 41 In this study, 162 (21.8%) proteins were identified based on 2 or more unique tryptic peptides, which made the results more reliable. In one experiment with 300 µg of plasma proteins using LC-MS/MS, we found that 73(28.4%) proteins were identified by at least 2 unique peptides. This number could reach 86(23.4%) and 102(20.5%) after combined results of two and three parallel experiments directly by LC-MS/MS without fractionation. It seemed that the percentage of proteins based on at least 2 unique peptides did not increase but decreases after directly combined the output results of the repeating parallel experiments. However, the absolute number of proteins based on at least 2 unique peptides can be raised. Here, we identified more proteins based on at least 2 unique peptides by IEF-LC-MS/MS. This showed that the in-gel IEF-LC-MS/ MS method could identify more unique proteins with confidence.
Physicochemical Characteristics of the Identified Proteins. The 744 identified proteins were classified according to their different physicochemical characteristics such as molecular weight (MW), isoelectric point (pI), hydrophobicity (GRAVY value), signal peptides, and transmembrane domains. The protein distribution patterns of the five characteristics are shown in Figure 5 .
In this work, we report the use of in gel IEF-LC-MS/MS method for the analysis of the human plasma proteins according to their physicochemical characteristics. For the 744 proteins, 356 (47.7%) of them have MW within 10∼60 kDa, which are compatible with general 1D-PAGE or 2D-PAGE method. There are other 213 (28.6%) proteins have MW < 10 kDa or > 100 kDa, beyond the general 1D-PAGE or 2D-PAGE separation limits. The MW of the largest protein is 3816.2 kDa, which was identified by 2 unique peptides, K.EAEKTAVTKV-VVAADK.A (M + 2, Xcorr 3.62, ∆Cn 0.3) and K.KEEAPPAKVPE- VPK.K (M + 2, Xcorr 2.22, ∆Cn 0.1). The classical plasma proteins are largely secreted by the liver and intestines. A key aspect of plasma proteins is a native molecular mass larger than the kidney filtration cutoff (∼45 kDa). 2 In this study, 494 (66.4%) proteins were identified in human plasma have MW > 45 kDa, which are candidates for the classical plasma proteins.
Regarding the pI distribution, the 744 proteins have distribution across a wide pI range (4.2∼12.2). Nearly all the proteins (97%) have distribution among pI 3∼10 intervals. Only 22 (3%) proteins have pI > 10 beyond the 3-10 NL IPG strip separation boundary. This also proved the effective separation of isoelectric focusing by immobilized pH gradient strips.
Human blood plasma is a body fluid, its proteins are generally hydrophilic, thus they have negative GRAVY values. For the 744 proteins we identified, their GRAVY values vary in the range of -2.03∼0.84 as shown in Figure 5 . Proteins were arranged by their number of peptides hits identified, which could represent the abundance of proteins in a certain degree. More interesting is that in the first 50 proteins, 36 (72%) proteins were predicted as secreted proteins, in the first 100 proteins, 69 (69%) were predicted, in the first 200 proteins, 104 (52%) were predicted, and in the first 400 proteins 141 (35.3%) proteins were predicted as secreted proteins, as shown in Figure 5 . This indicates that more tissue leakage products, which include many of the most important diagnostic markers, e.g., cardiac troponins, creatine kinase, or myoglobin used in the diagnosis of myocardial infarction, 15 are identified with increased resolution of protein separation and identification strategy.
Transmembrane (TM) domains were predicted by TMHMM. When a predicted TM region overlapped a predicted signal sequence, this was interpreted as a signal sequence only. In the total 744 proteins, 84 (11.3%) proteins have one or more predicted TM domain, in which 27 (3.6%) proteins have three or more TM domains. 38 proteins were predicted as secreted proteins in the 84 proteins as shown in Table 1 . Recently, a large-scale effort, termed the Secreted Protein DiscoveryInitiative (SPDI), was undertaken to identify novel secreted and transmembrane proteins. These secreted and transmembrane proteins are known to have key roles in important biological processes such as morphogenesis, cellular differentiation, angiogenesis, apoptosis, the modulation of the immune response, as well as disease processes such as cancer progression. 42 
Conclusion
The use of isoelectric focusing to fractionate proteins in human plasma at the first dimensional separation has been demonstrated. IEF-LC-MS/MS in conjunction with several prefractionation schemes could become the method of choice for multidimensional proteome separations and analysis, due to the high resolving power of this approach. Immobilized pH gradient gels (IPG strips) have excellent resolution, high loading capacity, and good reproductability. Moreover, when IPG strips with longer lengths and various pH ranges are used, or when they are cut into more sections, resolution can be improved drastically. The high reproducibility in the commercial production of a stationary pH gradient means that we can acquire the exact pI of the separated proteins without the need for external or internal standards. This would be interesting in relation to the separation of protein isoforms due to posttranslational modifications. And compared with other methods to analysis plasma proteomics, this in-gel IEF-LC-MS/MS method is most sensitive only consuming 300 µg proteins.
The in-gel IEF-LC-MS/MS method is open to further modifications; it could be combined with other sample prefractionation methods such as subcellular fractionation to reduce the overall complexity of the protein mixture prior to analysis. Also, the complexity could be addressed at the peptide level by combining it with various separation approaches prior to IEF-LC-MS/MS. An exciting application of this technique is protein quantification by incorporating stable isotope labeling, such as the isotope-coded affinity tag (ICAT), and the stable isotopic labeling with amino acids in cell culture (SILAC).
We are continuously developing the in-gel IEF-LC-MS/MS approach, and we are testing various modifications to increase the utility of this technique. Since it is a powerful and convenient method for the separation and identification of complicated samples such as human plasma, we are currently investigating this as a high-throughput and sensitive strategy for proteome profiling.
